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BATHYTHEWOGRAPH OBS'^HVATIONS 


Bathytheriaoffraph (BT) casts were taken at 4-.hour intervals 

* 

throuprhout the cruise, except when/ in port or anchored off islands, 

BT instrument number KK09297 was lost during the night of November 
5-6j number KK09299 was used for the remainder of the cruise. The 
calibrated grid supplied with the instrument was used to determine 
temperature values at various depths* From these, a runnin/r plot 
was kept of the thermal structure of the sea along the cruise track, 

■S 

The BT casts regularly reached 200 meters depth, and frequently reached 
250 meters* 

The surface layer of the ocean normally is well-mixed and 
isothermal, or nearly so. This mixed layer usually has a sharply 
defined base below which is the therraocline where the temperature 
cools abruptly with depth, 

4 

V?hen leaving Johnston Island (near 17®N) November 11, the base 

of the mixed layer was fotmd at 75 meters depth. As the ship proceeded 

a 

sothwestward, the mixed layer became shallower. Its base rose 
gradually but steadily to a depth of only 30 meters between 10° and 9® 
north latitude. As the cold water below the mixed layer rose closer to 
the surface, the temperature at I 50 meters depth cooled steadily from 
22,5°C near Johnston to 13*5° at 10°N (see Figure 1), This region 

e 

where the base of the surface mixed layer tilts upward toward the south, 

4 

and the underlying water cools toward the south, is the region of the 
westwardly flowing North Bquatoriail Current (NEC), 

At about 10°N, the ship passed out of the irEC into the enstwardiy 
flowing Equatorial Countercurrent (ECC), The surface mixed layer 














2 


immediately began to thicken. Its base sank steadily to l80 meters 

$ 

4 

depth, and the temperature at 150 meters rose correspondingly, reaching 
a high of 27«2® at 4®N(PigTxre 1), 

At this latitude, the ship crossed the southern boxindary of the ECC 
into the weetwardly flowing Gouth Equatorial Current (SEC). %e 
temperature at 150 meters began to cool again, the deeper portions of the 
mixed layer were replaced by cooler 'water, and a new base to the 

r 

surface mixing formed near 75 meters depth, gradually rising to 50 meters 

* 

as the aftiip entered the Southern Grid at 2®N, 

Figure 1 also shows a plot of total birds sighted each day, for 
comparison with sea temperature at the surface and at 150 meters depth* 
Bird numbers were moderate from Johnston island to 14®1J, then dropped 
significantly in the HEC and the northern edge of the ECC, However, 
the birds then increased southward to a peak (falue near the southern 
boundary of the ECC, and dropped off again as the ship passed into the 
SEC and approached the Southern Grid, Bird numbers show a very good 
correlation with the 150 meter temperature, but do not correlate well 
with surface temperature, The 150 meter temperature itself is not the 
property of significance to the birds, father, the temperature at this 
depth is probably a good indicator of differing water aaases, whose 
differences in food content at the surface are the more likely amami 
reason why birds are concentrated in favored zones. 

The temperature plots in Figure 1 are baaed on a preliminary 
aualysia of the BT data performed at sea* A refined analysis will be 
performed by the Honolulu Laboratory, Bureau of Coraraeroial Fisheries, 
which may be expected to modify the temperature data negligibly if at ^1* 






BATHYtriBliffcXJRAPn OBStlTVATIOT.'S 


r 

Bathythoraoi^apb (BT) caste wore taken at ^hour Interrale 
thr<(mf!!hont the oruiee, except wVoa/ in port or anohored off lalande« 

BT laotruraent auraber KK09297 was loot during the night of !ioromber 
5-6 1 auaber K3C09299 was need for the remainder of the ctnaiee* The 
calibrated grid supplied with the instrument wae need to determine 
temperature values at varioue dlepthe* From theae« e running plot 
was kept of the thermal etruoture of the eea along the emiee traek^ 

The BT easts regularly reached 200 metere depth| and frequently reached 
250 metere* 

The surface layer of the oos m normally is wellHoixsd and 
isothermalI or nearly ^09 This mixed layer usually has a sharply 
defined base below whioh is the thexneocllne %d^ere the temperature 
cools abruptly with depth* 

^Tien leaving Johnston Island (near 17°S) November 11, the base 
of the mixed layer was found at 75 aetera depth* As the ship proceeded 
sothweetward, the mixed layer became shallower* Its base rose 
gradually but steadily to a depth of only 30 meters between 10 ® and 9 ® 
north latitude* As the oold water below the mixed layer rose closer to 
the surfaeo, the temperature at I 50 aetera depth cooled steadily frem 
22*5®C^Mr Johnston to 13*5® at 10®N (see Figure 1), %i 8 region 

where the base of the surface mixed layer tilts upward toward the south, 
and the underlying water ooolo toward the south, is the region of the 

%re6tvardly flowing North Equatorial Current (ISFC)* 

« 

At about 10®N, the ship passed out of the ircC into the eastwardxy 
flowing Eqiiatorial Countercurrent (ECC)* The surface mixed layer 
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iocB©dlat«ly b«f«n to thickon, Ito ba»« eauk stOPidUly to iSO oeters 
depth, and the toraperaturo at 150 «®ter« roa# eorreapondingly, reaching 
a high of 27*2“'^ at 4®lUPigture 1)# 

At this latitude, th® chip croeeed the southern houndary of the SCO 
Into the westwardly flowing South iSquatorial Current (SSO), 
temperature at 150 meters began to cool again, the deeper portions of the 
minced layer were replaced by cooler water, and a new base to the 

•e 

surfaoe mixing formed near 75 motors depth, gradually rising to 50 meters 
aa the ship entered the Southern ^rid at 2®!I* 

Figure 1 also showe a plot of total hirde sighted each day, for 
ooiapari*. on with «s»a temrerature at the surface and at 150 meters depth. 

Bird nuabere were uodorato from Johneton Island to then dropped 

.1 

signifleantly in the HEC and the northern edge of the ^SC, Hewerer, 
the birds then increased oouthv^rd to a peak \^«lae near the southern 
boundary of the 2GS, and dropped off again as the ^Ip passed Into the 
5SC and approached the Southern Grid, Bird numbera show a eery good 
eorrelation with the 150 meter temperature, but do not correlate well 

with surface teciperiiture* Xhe 150 meter temperature itself ia not the 

« 

property of oignifioance to the birds, Rather, the temperature at this 
depth io probably a good indicator of differing water c:, asses, whose 
dlfferenoee In food content at the surface are the more likely sssash 
reason why bird® are concentrated in faeored zones. 

The temper iture plotc la figure 1 are based on a preliminary 
analysis of the BT data performed at sea, A refined analysis will be 
performed by the T'onolulu Laboratory, Bureau of Coimerclal Flsheriss, 
which any bo expoeted to jaodify the te?5perature data negligibly if at ill. 
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SMITHSONIAN INSTITUTION 
UNITED STATES NATIONAL MUSEUM 
WASHINGTON. D. C. 20560 


February 28 , I967 


Dr. Robert Pyle 

PO Box 8095^ Waikiki Station 

Honolulu, Havaii 96815 


Dear Bob: 

Enclosed are the data you requested. I included all the SIC cruises 
from 1 to 165 although the data for the first 8 are rough and not continuous. 

I broke numbers down so that you can subtract direct migrants e.g.. Sooty 
and Slender-billed Shearwaters, Mottled Petrel, shorebirds excluding 
phalaropes. White-eye, and are left with those birds which are interested 
in that part of the ocean as a food source, which will probably show a clearer 
correlation with oceanographic conditions. In those few instances where 
Sooty or Slender-bills were observed feeding they were tallied in the flock 
data. Otherwise flock data refer to feeders or potential feeders, or in 
other words, birds which feed in the central Pacific and were seen in flocks, 
not necessarily feeding flocks. 

It would have taken too long to determine mileages for each half day. 

In most cases I have provided sunrise to sunset mileage and if you choose 
you can figure a proportionate distance based on length of observations in 
morning and afternoon, 

hours observed in morning _ miles travelled in morning 
total diurnal hours total diurnal miles 

or something of the sort. Hours of observation should be sufficient to 
give you rates. I omitted almost all grid observations since they will be 
covered elsewhere in the April report. Let me know if you need anything else. 

The conversion of the ADP System to the IBM 36O has just about been completed 
and we*11 begin to purge sighting data of error sometime this week. 


Sincerely yours. 



Warren B. King 
Pacific Project 
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ABSTRACT 

From September '2'A to December 17, lOoo, the U. S. Fish and Wildlife 
Service research vessel Hu(/h M. San7// participated in a multiple-vessel oceano¬ 
graphic survey of the eastern tropical racitic (Eastropic). The results of 
physical and chemical o(‘eanographic observations made from the Smith are 
described, witli emphasis on those observations and resnlts which are of signifi¬ 
cance to the distribution and abundance of the marine biota. 
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OCEANOGRAPHY OF THE EAST CENTRAL EQUATORIAL PACIFIC AS 

OBSERVED DURING EXPEDITION EASTROPIC 


By Thomas S. Austin, Oceanographer 
Bureau of Commercial Fisheries 


Since early in 1950, the Pacific Oceanic Fishery 
Investigations (POFI),^ U. S. Fish and Wildlife 
Service, has been studying the oceanography of the 
central equatorial Pacific. These studies have been 
centered in an area between 140° W. longitude and 
the 180th meridian and between 12° N. and 10° S 
latitude. The work has been directed toward de¬ 
termining circulation features and the associated 
distribution of the marine chemical and physical 
factors in order to more adequately understand the 
variations in the distribution and abundance of the 
biota, especially the yellowfin tuna (Neothunnus 
macroptems Temminck and Schlegel). 

The earlier phases of the program were explora¬ 
tory. As the resulting data were analyzed, the 
need for specialized studies became evident. One 
such study involved the east-west variations in the 
ecology of the northern boundary of the Equa¬ 
torial Countercurrent; another, an extension of 
observations along the Equator to the east of 140° 
W. longitude. These two studies were carried out 
during a five-vessel, simultaneous survey of the 
eastern tropical Pacific (Eastropic). The survey 
extended from 160° W. longitude to the west coast 
of the Americas and was conducted during the fall 
and winter of 1955. 

Data and descriptions of the circulation features 
and distribution of the variables in the general 
area surveyed during expedition Eastropic are 
available from several sources. These include, in 
part, the reports of the Dana (Thomsen 1937), the 
Carnegie (Sverdrup et ah, 1944; Fleming et ah, 
1945), the Alhatross (Bruneau et ah, 1953), POFI 
vessels (see Sette et ah, 1954; Austin 1957), and 
unpublished data kindly furnished by the Scripps 
Institution of Oceanography (SIO) from their 
operations Shellback and Capricorn. 

^ Redesignated Bureau of Commercial Fisheries Biological Lab¬ 
oratory, Honolulu, effective Jan. 1, 1959. 

Note.— Approved for publication, Nov. 21, 1958. Fishery 
Bulletin 168. 


The currents in the east-central equatorial 
Pacific are generally zonal (east-west). They in¬ 
clude the westerly flowing North Equatorial Cur¬ 
rent with its southern boundary near 10° N. lati¬ 
tude, the westerly South Equatorial Current with 
its northern boundary near 5° N. latitude, and the 
easterly Equatorial Countercurrent in between. 
Centered about the Equator and beneath the South 
Equatorial Current is the easterly flowing Equa¬ 
torial Undercurrent (Cromwell et ah, 1954; 
Fofonoff and Montgomery, 1955). 

Five agencies collaborated in expedition 
Eastropic. Personnel from POFI aboard the re¬ 
search vessel Hugh M. Saiith (cruise 31) studied 
east-west variations in conditions along the north¬ 
ern boundary of the Equatorial Countercurrent 
and along the Equator. Representatives of SIO 
and the Inter-American Tropical Tuna Commis¬ 
sion aboard the Scripps' vessels, the Spencer F. 
Baird and Horizon^ operated southward from San 
Diego, Calif., to northern Peru and in the Gulf of 
Panama. The B, S. P. Bandy, assigned by the 
Peruvian Hydrographic Offlce, surveyed off the 
northwest coast of South America in the general 
area of the Peru Current, and the California De¬ 
partment of Fish and Game vessel, the N, B. Sco- 
fedd^ conducted longline Ashing in the area 
studied by the Horizon and the Batrd. The 
tracks of all the cooperating vessels are shown in 
figure 1. 

The Smith departed Honolulu, Hawaii, on 
September 23, 1955, on a southerly course, crossed 
the westerly flowing North Equatorial Current 
and proceeded into the easterly Equatorial Coun¬ 
tercurrent. The boundary between the two cur¬ 
rents was determined by the variations in the 
vertical distribution of temperature (ridge in the 
thermocline at the northern boundary of the 
Countercurrent) and the change in direction of 
flow as shown by tlie geomagnetic elect rokine- 
tograph (GEK) until it became inoperative on 
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Figure 1.— Track chart of vessels jiarticipating in expedition Eastropic. Positions of oceanographic stations shown 

only for Hugh M. Smith. 


October 10, 1955. The northern edge of the 
Countercurrent was followed east to 120° W. 
During this eastbound leg of the cruise, bathy- 
thermograpli (BT) lowerings were made at 2- 
hour intervals and surface samples were collected 
twice daily for inorganic phosphate and salinity 
determinations. The vessel then proceeded to 
Manzanillo, Mexico, for refueling and supplies. 

The Smith departed Mexico on October 24, 
1955, on a generally southwesterly course across 
the coastal currents, the Countercurrent, and to 
8° S. latitude in the South Equatorial Current. 
The westward passage was planned in order to 
study the equatorial divergence and the associated 
oceanographic and biological events. A series of 
standard oceanographic casts to 1,200 meters was 
made at approximately 90-mile intervals, between 
6° X. and 8° S. latitude near 110° W., along 120° 
M., and along 140° AY. longitude. The northern¬ 
most station of the 110° W. leg was in the Coun¬ 
tercurrent. The rest of the stations were in the 
westerly fiowung South Equatorial Current. 


Bathythermograph lowerings were made at each 
station and at 2-hour intervals between stations. 
Surface phosphate and salinity samples were 
taken at frequent intervals. 

The data resulting from the observations and 
collections taken by the Smith during expedition 
Eastropic have been published by King, Austin, 
and Doty (1957) ; those from the Baird and the 
Horizon by the University of California (1956). 
Both of these publications include tabulations of 
the observed data and a description of the 
sampling and analytical methods used aboard the 
vessels. The report of King et al. also includes 
oceanographic station curves, tabulations of the 
biological data and a description of the methods 
used in the shore-based processing and analyses. 

The purpose of this paper is, primarily, to 
describe the oceanic circulation features and the 
associated distribution of variables as determined 
from the data collected by the Smith.^ particularly 
those features having significant influence on the 
distribution and abundance of the biota. Data 
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from other participating vessels and those from 
previous surveys to the Eastern Central Pacific, 
both by POFI and other agencies, will be used as 
needed. 

RESULTS OF OCEANOGRAPHIC 
OBSERVATIONS 

We shall, in general, describe the results of the 
oceanographic program of the Smith in the fol¬ 
lowing order: The general circulation, the vertical 
distribution of variables, their horizontal distri¬ 
bution, and finally, a discussion of the significance 
of the circulation features to the distribution and 
abundance of the biota. In each section we shall 
d^cribe first the conditions in the Countercurrent, 
then those in the South Equatorial Current; the 
latter with particular attention to conditions 
along the Equator. 

CIRCULATION FEATURES 

As an introduction to the discussions of the ob¬ 
served vertical and horizontal distribution of the 
oceanographic properties, we shall first describe 
the general circulation features for the area and 
period of the Smith cruise. The direction of 
flow normal to the three oceanographic sections 
(henceforth referred to as 110° W., 120° W., and 
140° W.) was determined by means of geostrophic 
calculations. Inferences as to direction in' the 
region of the Countercurrent and elsewhere in the 
area where density data were lacking, were made 
from variations in the temperature-depth distri¬ 
bution. Information on variations in velocity was 
derived from changes in wire angles between suc¬ 
cessive Nansen-bottle casts. Frequent references 
will be made to the results of the GEK measure¬ 
ments made aboard the Baird and the Horizon. 

The geopotential anomalies were computed, 
with pressure terms neglected, directly from the 
oceanographic station graphs (see King et ah, 
1957, fig. 9). The average values of thermosteric 
anomaly for depth intervals of 100 meters in the 
deeper layers and 10 meters in the thermocline 
and mixed layer, were multiplied by the pressure 
interval in decibars and then were summed up¬ 
ward from the 700-db. level. The 700-db. surface 
was used as the reference level since the bottom 
bottle on several stations was down less than 800 
meters due to large wire angles. 


In figure 2, the heights of the sea surface in 
dynamic centimeters (as calculated from the sta¬ 
tions along 110°, 120°, and 140° W.) have been 
contoured relative to the 700-db. surface. The 
configurations of the isopleths for the geopotential 
anomaly between the three longitudes were drawn 
from consideration of the temperature-depth data. 
The inferred direction of flow is shoAvn by the 
heavy arrows. 

The station-to-station variation (meridional 
slope) of the 0/700-db. surface for each of the 
three sections is shown in figure 3. The slope, 
indicative of the speed of westerly flow, is steeper 
between the Equator and 5° N. on the 110° lY. and 
120° W. sections being, respectively, 0.28 and 0.42 
dynamic meters in 570 km. This is to be com¬ 
pared with 0.07 dynamic meter over the same dis¬ 
tance along 140° W. The surface velocities rela¬ 
tive to the 700-db. level (as well as the velocities 
for the remainder of the Smith sections) are given 
in the following table. As the geostrophic approx¬ 
imation is not considered applicable near the 
Equator, relative velocities between 3° X. and 3° 
S. have not been calculated. 


Latitude 

140° 

w. 

120° 

W. 

110° 

W. 

Speed 

(knot) 

Direc¬ 

tion 

Speed 

(knot) 

Direc¬ 

tion 

Speed 

(knot) 

Direc¬ 

tion 

7° N-6° N_ 





0.2 

E 

6° N-.5° N_ 



0.4 

W 

.4 

W 

5° N-4° N_ 

0.1 

W 

2.3 

W 

.7 

W 

4° N-3° N_ 

.2 

W 

1.8 

W 

.8 

W 

3° S-4° S_ 

.6 

W 

.2 

w 

.4 

E 

4° S-5° S_ 

1.0 

W 

.8 

W 

1. 1 

W 

5° S-6° S_ 

.3 

W 

.7 

W 

. 5 

E 

6° S-7° S_ 



.3 

w 

.6 

W 



Figure 2. —Variations in the geopotential topography, 
0/700-db. surface as calculated from Eastropic data. 
The arrows denote the direction of flow. (Contour in¬ 
terval, 5 dynamic centimeters.) 
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Figure 3.— Station-to-station variations in the geopoten¬ 
tial topography (0/700-db. surface) for the Hugh M. 
110° W.. 120° W., and 140° W. sections. 


Uiifortiiiiately, the Smith was not equipped to 
make direct measurements of velocities for these 
transects. Surface currents measured by the GEK 
aboai-d the Horizon (University of California, 
1056), 5°()0' X. to 2°11' X. latitude, near 120° W. 
longitude (October 11 and 12, 1955), varied be¬ 
tween 0.86 knot (626° T.) at 2°48' X. and 2.0 
knots (624° T.) at 6°08' X., the latter value bein^ 
measui’ed near a marked temperature discontinu¬ 
ity (front). The contours in the region of the 
front (fig. 2), also encountered by W\^ Smith (near 
4° X., 120° W.), are rather closely spaced reflect¬ 
ing the comparatively swift westerly flow meas¬ 
ured by the Horizon. The Baird., near 115° W. 
longitude and between tlie same limits of latitude, 
observed velocities between 1.1 knots (066° T.) 
at 5°02' X. and 5.7 knots (288° T.) at 0°46' X. 
As can be seen from table 1, the calculated rela¬ 
tive velocities for the SmitJi^ survey did not ex¬ 
ceed 2.6 knots (6° X.-4° X. along 120° W.). 

deferring to figure 6, the break in slope near 
the northern limit of the 110° W. section simirests 
the northernmost station was in the Countercur¬ 
rent. The lack of a break in slope between the 


two northernmost stations of the 120° W. and 140° 
W. sections suggests these sections did not reach 
into the Countercurrent. In the southeastern por¬ 
tion of the survey area, the geostrophic considera¬ 
tions yield an easterly flow centered about 2° 8. 
latitude (fig. 6, 110° W. section). The trough 
normally centered at or very near the Equator is, 
in this instance, positioned at 4° 8. latitude. 

Indirect evidence of the easterly flow in the sur¬ 
face waters, 1° 8. to 4° 8., is to be found in the 
wire-angle data for the Xansen bottle casts. 
Along the 110° W. section, the angles near to and 
north of the Equator (to 4°60' X.) were large, 50° 
to 60° from the vertical. These large angles were 
the cumulative effects on the wire of the easterly 
winds on the vessel, the westerly surface flow and 
the decrease in velocities at the subsurface levels 
penetrated by the cast. Between 1° 8. and 4° 8., 
with 11- to 15-knot easterly winds, the angles fell 
to less than 10° (06° at 1°26' 8. and 06° at 2°54' 
8.). The easterly surface flow exerted a ^‘cancel¬ 
ing effect” on the vessel and the wire angles thus 
were very small. 

On both 110° W. and 120° W., there was an ap¬ 
preciable change in wire angle near the front, 
with smaller angles to the north of the front 
(10°) and larger angles to the south (50°). These 
differences in angle reflect the differences in veloc¬ 
ity of the surface waters. The two stations on 
120° W. nearest the front were station 22, approx¬ 
imately 90 miles to the south of the front, and 
station 26, approximately 60 miles to the north of 
the front. Beferring to velocity measurements 
made aboard the Horizon (University of Califor¬ 
nia, 1956), the speed of the surface flow decreased 
from near 4 knots in waters to the south of the 
front to 1 knot or less in those to the north. Con¬ 
sidering that most of the Xansen bottles and wire 
were in deeper waters of low velocities, the com¬ 
paratively swift surface currents south of the front 
would result in such large wire angles. 


VERTICAL DISTRIBUTION OF PROPERTIES 
Temperature 

Temperature sections along selected longitudes 
(120° W. to 160° W.), each crossing the main 
features of the equatorial zonal circulation in the 
central Pacific, have previously been published in 
POFI oceanographic and biological reports (i.e., 
(h'omwell 1954; 8troup 1954; Austin, 1954a and 
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1954b; and Murphy and Shomiira, 1956). During 
Eastropic, no single leg of the SmithS track jiro- 
vided data for such a section. Thei'efore, in 
figure 4, two BT sections, one near 155° lY. from 
15° X. to 5° X. and one along 140° lY. between 5° 
X. and 8° 8. are used to illustrate tk.e noilh-south 
temperature-depth distribution. The (>0°, 7()°, and 
80° F. isotherms were drawn with the 72° and 74° 
F. isotherms included near the Eipiator. 

From north to south (right to left in fig. 4, A) 
in the Xorth Equatorial Current, the isotherms 
slope upward, reaching a minimum depth at the 
northern boundary of the Coimtercurrent, then 
slope downward to the southeiai boundary of the 
Countercurrent. This interpretation of the cur¬ 
rent boundaries is based on the assumption of 
geostrophic flow. In the next section (fig. 4, B), 
140° lY., 4° X. to 4° 8., both the upward trend of 
the isotherms toAvard the Equator and their 
deepening south of the Eipiator, compatible wdth 
westerly flow, are discernible. Various mixing 
processes at or near the Equator resulted in the 
“irregularities" which mask the ridge expected 
from the distribution of mass when a westerly flow 
is centered about the Equator. 

The mixing of the cooler subsurface waters Avith 
those at the suifface near the Equator is reflected 
in the configuration of the 74° F. isotherm, which 
intersects the surface to the north and to the south 
of the Equator. A trough in the isotherms cen¬ 
tered beneath the Equator is suggested in figure 4, 
but it is not as evident as generally found in meri¬ 
dional sections crossing the Equator in the central 
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Pacific (Austin 1954b; lYooster and (’romwell, 
1958). 

I he 60° and 70° F. isotherms at the southern 
limit of the 155° AY. section (fig. 4. A) are about 
50 meters deeper than those at the noi-thern limit 
of the 140° AY. section. This ditlerence results 
from the rapid east-west deepening of the thmano- 
cline between 125° AAh and 160° AY. longitude. 

To illustrate this deepening, tenqiei'ature-dejith 
data from BT's taken at eiglit })ositions along the 
Equator, 112° AA^. to 156° AA^. longitude, have been 
contoured in figure 5. Xear 155° AY., the top of 
the theianocline is at 150 metei’s, decreasing in 
depth to 50 meters near 125° AA^., then deepening 
slightly toward the eastern end of the section. 

Other features in the temperature-depth dis¬ 
tribution of the three meridional sections Avarrant 
attention. Of the sections that crossed the Eipia- 
tor (see fig. 1), three Avere made along coui'ses 
nearly normal to the Equator. The tenqieiutui'e- 
depth profile for each of these sections is shoAvn in 
figure 6, A (110° AAh), 6, B (120° AY.), and 6, C 
(140° AY.). In all three, the well-developed two- 
layer system, characteristic of tropical Avatei’S, is 
evident. The princi})al variation among the three 
sections is in tlie depth of the thermocline. 

Along the 110° AAh section (fig. 6, A), there is 
a gradual decrease in depth of the thermocline 
from 5° X. latitude south across the E(piator to 
4° 8. latitude. This suggests that between 0° and 
4° 8. there is a revei-sal in floAv Avith the suidace 
Avaters directed to the east, becoming Avesterly 
again south of 4° 8. Two centers of cold AA*ater at 
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Figt ke ').—Vertical teiiiperatnre (° F.) distribution alons 
the P](iuator illustrating the east-west slope of the 
therinocline. 


tlie surface ai'e sliowii. One center near tlie Equa¬ 
tor and similar to that described for the 140° W. 
section (fi^. 4) results from the effects of the 
wind-induced divergence and iipwellin^. At the 
second, neai-4° S., the shallow therinocline, coupled 
with mixinii’ by the wind and by the turbulence at 
the interface of the opposing easterly and westerly 
surface currents, results in cooler water at the 
surface. 

The second meridional section, that alon^ 120° 
W., is shown in figure 6, B. Within the compara¬ 
tively short sjian of the section, 6° N. to 8° S., the 
therinocline approximates a dome with its center 
positioned at the Equator. Near the northern end 
of the section, the isotherms show a reversal in 
slope, decreasing in depth to either side. This 
trough undoubtedly approximates the position 
of the southern boundary of the Countercurrent. 
The domed configuration over the rest of the sec¬ 
tion reflects the flow of the westerly South Equa¬ 
torial Current. 

Near 4° N. latitude, 120° W. longitude, the 
isotherms (70° to 76° F.) abruptly descend from 
the surface. It was nei^r here that the Smith 
crossed a marked front such as that encountered 
during a previous cruise to this area (Cromwell 
and Reid, 1956). A temperature-depth section 
di*awn from BT data taken at and within a few 
miles either side of the front is shown in figure 7. 
One BT (No. 447), taken with vessel underway 
at 2 knots,’ was sufliciently close to the front so 


that the “up” and “down” traces in the first 20 
meters differed by 6° F., and could be used as a 
reference to locate the position of the other BT 
records relative to the front. Following Crom¬ 
well and Reid (1956, figs. and 4), the waters 
which were “nearly isothermal” have been shaded 
in figure 7. 

The Scripps vessel, the Horizon^ observed a sim¬ 
ilar feature 1 month later near 3° N. latitude, 
120° W. longitude (Knauss 1957). Knauss inter¬ 
prets the circulation at the front as “cold water 
overrunning the less dense warm water and then 
plunging downward.” He describes the feature as 
a “cold front” with the cold water to the south 
moving at right angles to the front at speeds in 
excess of 2 knots. 

Along the 140° W. section (fig. 6, C), the de¬ 
crease in temperature per unit of depth through 
the thermocline is less than in the previous two 
sections (110° W. and 120° W.), and the thermo¬ 
cline, 4° N. to 4° S., is 50-75 meters deeper. The 
influence of the Equatorial Undercurrent on the 
vertical temperature distribution is suggested be¬ 
tween 2° N. and 2° S. latitude. With westerly 
surface flow along the Equator, a ridge centered 
near the Equator is expected. North and south of 
2° N. and 2° S., respectively, the thermocline shows 
an upward trend toward the Equator. Between 
these two latitudes is a trough; i.e., warmer waters 
at greater depths. This trough may be interpreted 
as the result of advection of the warmer waters 
from the west into the lower part of the surface 
layer and to an unknown depth into the thermo¬ 
cline (Fofonoff and Montgomery, 1955). A sim¬ 
ilar situation, vertical spreading of the isotherms, 
may be seen (2° N. to 2° S.) on the 120° W. section 
(fig. 6, B) and to a lesser degree on the 110° W. 
section (fig. 6, A). On the latter sectiou, however, 
is a southerly displacement of the trough, undoubt¬ 
edly related to the easterly surface flow south of 
the Equator (1° S. to 4° S.). Further details of 
the 140° W. vertical temperature section were dis¬ 
cussed in connection with figure 4. 

Salinity 

The most prominent feature in the subsurface 
distribution of this variable is the tongue of high 
salinity water south of the Equator at a depth 
of about 150 meters (fig. 8). In comparing the 
salinities in this feature on the three sections, there 
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IS a progressive increase, east to west, from 35.30 
V 00 to 35.80 "/oo to a maximum of 36.13 °/oo. From 
east to west there is an increasingly apparent 
lorthward extension of the tonoaie. 

The source of these higher salinity waters at an 
intermediate level is a Southern Hemisphere 
salinity maximum in the surface waters positioned 


near 20° S., extending east to west between ap- 
])roximately 100° W. and 140° W. (Fleming et ah, 
1945, tig. 222). In this region of descending flow 
of air in the atinosjihere above the ocean and asso¬ 
ciated evaporation from the sea surface, more 
saline waters are formed and sink, moving north¬ 
westerly then westerly at subsurface levels. The 
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Figure 7— Vertical distribution of temperature (° F.) 
across the front observed by the Smith near 4° N. lati¬ 
tude, 120° AV. longitude. 


relation betAveen the position of the surface sa¬ 
linity maximum and the subsurface trajectory is 
reflected in the variations in the feature on the 
three longitudes (hu. 8) ; i.e., its northern extent 
ends abruptly near the Equator in the central and 
east-central Pacific. This vvas shown in previous 
POFI sections by CroniAvell (1954), Austin 
(1954a, 1954b), Stroup (1954), Montgomery 

(1954), and by Fleming et ah (1945, figs. 119 and 
143). Austin (1954b, fig. 21) has shown by the 
temperature-salinity characteristics that this 
abrupt termination of the salinity maximum at 
the Equator in the eastern Pacific is associated 
with the vertical mixing processes accompanying 
upwelling. In contrast, in the western Pacific the 
maximum penetrates into the Northern Hemi¬ 
sphere, reaching at least 5° N. {Mao and Yoshida, 
1955). Austin and Rinkel (in press) suggest that 
this is evidence for less-intensive upwelling in the 
western Pacific. 

Com])arison of the temperature/salinity (T/S) 
characteristics for the Eastropic stations along 
110° and 120° W. also reveals the longitudinal 
variation in the subsurface salinity maximum and 


the rather abrupt change near the Equator. 
Along 110° W. (fig. 9, A), the T/S curves south 
of the Equator all show a rapid subsurface de¬ 
crease in temperature with small change in salin¬ 
ity. Similar curves for the stations along 120° W. 
(fig. 9, B) show a configuration for those stations 
south of the Equator which is attributable to the 
subsurface maximum. On the T/S curve for the 
first station north of the Equator (station No. 21), 
1°06' N., 120° W., the Southern Hemisphere maxi¬ 
mum is no longer in evidence. 

Returning to figure 8, we note that the waters 
in the surface layer near the northern limits of 
the three sections, particularly those along 110° 
W. and 120° W., are characterized by low salini¬ 
ties. Along 110° W., the salinities in the surface 
layer are below 34.00 Voo (^ minimum of 3,3.49 Voo) 
at the northern two stations (07°06' N. and 05 52 
N.). Westward along similar latitudes, there is 
a gradual increase to 34.47 ®/oo od fbe 120° W. sec¬ 
tion and 34.72 Voo on 140° W. These low salinities 
are attributable to dilution by rainfall and in¬ 
fluence of waters moving in from the east and 
northeast. As shown by Schott (1935), a ridge of 
mean maximum rainfall is centered along 10° N., 
becoming increasingly prominent to the east and 
reaching a maximum in the Gulf of Panama. 
East of the Smith'^ survey area, as revealed by 
the Caf^egie data (Fleming et ah, 1945, fig. 222) 
and by data taken aboard the Scripps Institution 
of Oceanography vessels during Eastropic (Uni¬ 
versity of California, 1956), the salinities in the 
surface waters progressively decrease, reaching 
minimal values of 29.50 Voo to 30.00 Voo in the 
Gulf of Panama (3°-6° N. latitude). 

In the deeper waters sampled during expedition 
Eastropic, at 500-1,000 meters, the salinities were 
those characteristic of the Antarctic intermediate 
waters with the axis of the lowest values rising 
toward the north on each section (King et ah, 
1957, figs. 11, 16, and 21). 

Density 

The vertical distribution of density along each 
of the three sections, expressed as thermosteric 
anomaly in centiliters per ton (following Mont¬ 
gomery and Wooster, 1954), is shown in figure 10. 
The most striking feature on each of the three sec¬ 
tions is the rapid increase in density with depth 
(which we shall refer to as the stable layer) 
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Figure 8.—Vertical distribution of salinity (°/oo) alon.c: 110° W. (A), 120° AV, (B), and 140° AV. (C). 
0.2 °/oo (from King et al., 1957). Density isopleths in black (in centiliters per ton). Depths 
are shown by dots; station numbers are given along the top of each panel. 


Contour interval 
of observations 









































































266 


FISHERY BULLETIN OF FISH AND WILDLIFE SERVICE 



Fi(;ri{F !).—’’I’cniiperjUnro (° (/.)-salinity (°/oo) (‘lU’ves at selected stations. Southern Hemisphere along 110° W. (A), 

12((° W. (I>). Density (ohliciue lines) in centilitcu's i»er ton. 


tliroii^h tlie tlieriiiocline. Althongli variations in 

salinity, as well as temperature, ali'ect the vertical 

distribution of density of sea water, in tropical 

waters salinity nsnally plays a minor role. To 

illustrate : from east to west (particularly between 

the 120° and the 140° W. sections) there is a 

o’eneral increase in depth of both the thermocline 

and the stable laver. There is a troim-h in each 

* ^ 

at the southern bonndarv of the Countercurrent 
and a marked rid^e near the Equator on 140° and 
120° W., and neai- 4° S. on 110° W. The clian^m 
in temperatni'e and density across the front is re¬ 
flected in the ‘‘bunching” of the density isopleths at 
theii' intersection with the surface near 4° N. on 
120° AV. and 1° N. on 110° AY. 

Oxygen 

The vertical distribution of oxygen is shown in 
figure 11. Selected isopleths foi' 8i ai'e sliown 
on each section. On the foiu’ longitudes, the 
oxygen content in the surface lavers, surface to the 
top of the thermocline, was uniformly high, 4.0 to 
a.;) ml./L., deci'easing thi'ough the thermocline to 
the oxygen minimum, then inci’easing to maximum 
depths sam])led. Near 100° W. and 110° W., the 


minimum with values of less than 0.5 ml./E. was 
continuous from the Southern to the Northern 
Hemisphere. Along the 120° W. and 140° W. 
sections, values less than 0.5 ml./L. Avere observed 
only in the Southern iremisphere. On each sec¬ 
tion a narroAV, vertical tongue of Avater Avitli 
highei’ oxygen (‘ontent Avas centered beneath the 
surface Avaters at the Equator. 

The low oxygen Auilues in the minimum south of 
the Equator (hOO-500 meters) are in Avaters AAddch 
luiAXA moved westerly from the coast of Peru and, 
at least in ]iart, result from the consumption of 
oxygen at subsurface depths by decomposition of 
the oi'ganic material Avhich was in these Avaters 
Avhen they de|)arted from the surface and of the 
organi(‘ detritus sinking fi‘om the euphotic zone. 

North of the Equator in the eastern Pacific is 
a large subsurface body of Avater Avithin Avhich the 
oxygen content is Ioav (0.1 ml./L. or less). As 
described by Sverdiaip et al. (1942, p. 729), this 
body of Avater is found off* the American coast 
between 28° N. and the Equator, extending to the 
Avest as far as 140° W. More recent data (Crom- 
Avell 1951) bring this Avestward extension to at 
least 172° W. The loAvest oxygen concentrations. 
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Figure 10.—A^errieal (listribution of density expressed as tlierniosterie anomaly along 110° AV. (A). 120° W. (B). and 
140° W. (C). (’ontonr interval 20 centiliters per ton (from King et al., 10.17). Depths of oh.servations are sliown 
by solid dots; station nnmbers are given along the top of each panel. 
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Figure 11.—Vertical distribution of oxygen expressed in milliliters per liter (ml./L.) along sections near 100° W. (A), 110° W. (B), 120° W. (C), and 140° 
W. (D). Contour interval 0.5 ml./L. (data for A from University of California, 1956; B, C, and D modified from King et al., 1957). Depths of observa¬ 
tions are shown by dots; station numbers are given along the top of each panel. 
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at./L.), decreasing to less than 1.0 ^g. at./T.i. near 
1° S. and remaining less than this value to 8° S. 

Comparison of the phosphate concentrations in 
the mixed layer of the two sections reveals the 
association of this nonconservative property with 
the previously discussed vertical distribution of 
density (the thermocline) and zonal flow. In 
the northern portions of the sections, the low 
phosphate concentrations are in the impoverished 
waters of the Countercurrent. Near the Equator 
on 110° W., some enrichment results from up- 
welling, but the liighest values on this section, 
near 4° N., result from the very shallow thermo¬ 
cline and wind “plowing” (Sverdrup 1952) into 
the deeper, nutrient-rich waters. Near the Equa¬ 
tor on 120° W., the surface enrichment probably 
results primarily from upwelling. The northern 
transport of these waters is reflected in the higher 
phosphate values, from the Equator north to the 
latitude of the front. 

HORIZONTAL DISTRIBUTION OF PROPERTIES 

Although this section will deal primarily with 
the surface distribution of temperature, salinity, 
and phosphate, we shall, as necessary, include con¬ 
current consideration of the vertical distribution 
of the property in question. The direction of the 
flow, as determined by geostrophic calculations 
(see fig. 2) has been reproduced on the charts. 



without separating the double minima, have been 
contoured in figure 12. Values equal to or below 
0.1 ml./L. have been shaded. The values in the 
minimum near the Equator are somewhat higher 
than those to the north or to the south. 

Phosphate 

« 

The Automatic Servo-Operated Photometer 
used for the determination of inorganic phosphate 
broke down at station 8 along the 110° W. leg. 
Subsequently, samples were frozen from selected 
depths at the remainder of the stations along this 
leg, and at less frequent depth intervals (surface 
to 200 m.) along 120° W. The meridional sections 
resulting from these data are shown in figure 13. 

Along 110° W., the phosphate concentrations 
in the mixed layer were low (0.4 /xg. at./L. or less) 
betAveen the northern limit of the section (7° N.) 
and about 2° N. The values progressively in¬ 
creased to a maximum of slightly more than 1.0 
/xg. at./L. at about 3° S., then decreased to less 
than 1.0 from 5° S. to the southern limit of the 
section (8° S.). Values in the mixed layer were 
also low (0.4 /xg. at./L. or less) at the northern 
stations of the 120° W. section, but increased 
suddenly (0.4 to 1.0 /xg. at./L.) upon crossing 
the front near 4° N. The highest values in the 
surface Avaters Avere near the Equator (1.2 /xg. 
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Figure 13.— Vertical distrit)ution of phosphate expressed In micrograni-atonis per liter (/ig. at./L.) along sections near 
110° W. (A) and 120° W. (B). Contour interval 0.2 /ig. at./L. (from King et al., 1957). Depths o o serva ions 

are shown by dots; station numbers are given along the top of each panel. 


Surface Temperature 

The surface temperatures, as measured in the 
bucket samples taken at each BT lowering (gtiu- 
erally at 2-hour intervals, 15 to 20 miles apart) 
are shown by the black contours in figure 14. 
Mean surface temperature distribution for the 
month of November, as published in an atlas pre¬ 
pared by the British Air Ministry (1950), is 
shown by the red contours. 

In tlie ( V)imtercurrent (5° N. to 10° N. latitude) 
tliere is general agreement between the Eastropic 
surface-temperatures and the mean. Over most of 
tlie area the 80° F. isotlierms in each case straddle 


the somewhat warmer waters in the center of the 
current, but swing northerly from the latitude of 
the axis in the eastern part of the survey area. 
Tliis northerly shift in position of the isotherms re¬ 
flects the influence of the warmer waters moving to 
the west away from the coast of Central America. 
A similar configuration of the surface isotheims is 
evident in the report by Jerlov (1956, fig. 3) de¬ 
scribing the results of the Swedish A-Tbtttvoss ex¬ 
pedition to the same area and during the same 
montlis (October-November 1948). 

The distribution of surface temperatures (also 
salinity and phosphate) suggests that there was a 
southerly bulge in the Countercurrent centered 
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Figure 14.—Surface temperature (° F.) distribution from temperatures of bucket samples taken at position of BT 
lowerings in black; mean temperatures from British Air Ministry Atlas (1950) in red. Tbe arrows denote 
current direction as determined from geostropbic calculations. 


near 132° W. longitude. Although this feature 
appears to be real, there is the possibility that it is 
an artifact resulting from the V-shape of the vessel 
track in this area. There is an acceptable com¬ 
parability, however, in the shape of the contours 
defining the bulge among all the surface variables 
measured. Similar variations were reported by 
Crom^vell (1956, p. 29) during expedition 
Eastropic. 

The cooler surface temperatures in the South 
Equatorial Current, particularly along the Equa¬ 
tor, are strikingly evident. In fact, those observed 
near the Equator during the period of Eastropic 
were from 2° to 4° F. cooler than the mean. At 
any point along the Equator, these cooler waters 
reflect both the mixing of the deeper waiters with 
those at the su rface and, in varying degrees, advec- 
tion from the east. The mixing involves at least 
two separate physical processes, one rehled to the 
divergence of the surface waters under the in¬ 
fluence of winds with an easterly component, the 
other, mixing by the wind which is more effective 
in the east because of the west-to-east shoaling of 
the thermocline. At present, quantitative esti¬ 
mates of the relative roles of each of these two 
processes are not available. 


The oceanic front described in earlier sections 
was evident near 4° N. latitude on 120° lY. longi¬ 
tude, across which there was an abrupt change in 
surface temperature of nearly 4° F. (fig. 14). 
This circulation feature Avas discernible in vary¬ 
ing degrees near 4° N., 135° W. and 2° N., 112° lY. 
That it may be a semipermanent feature in this 
region of the Pacific is evidenced by the fact that 
during expedition Eastropic the Scripps vessel, 
the Horizon^ observed it 1 month later than did the 
Smith (Knauss 1957), and a similar feature Avas 
previously detected by the Smith near 1° N., 120° 
W. on October 27, 1952 (CroniAA^ell and Keid, 
1956). HoAvever, a front Avas not detected by the 
Alhatroxs during October-NoA^ember 1947 Avhen 
she crossed the Equator at 137° W. (Jerlov 1956, 
p. 150), nor by the Baird which AA’as Avorking dur¬ 
ing expedition Eastropic only 300 miles to the east 
of the Horizon (Knauss 1957). 

Depth of Thermocline 

From the preceding discussion of the distribu¬ 
tion of temperature, it is evident that there Avas 
considerable A'ariation in depth of the thermocline 
throughout the area surveyed by the Smith. The 
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tlierinocline depths, as read from the BT slides, 
liave been plotted and contoured in figure 15. 

On and near the Equator an objective determi¬ 
nation of tlie tlierinocline depth is generally diffi¬ 
cult since in this region there often is either more 
than one inflection of the curve or a continuous 
negative gradient from the surface to the maxi¬ 
mum depth of the BT trace (fig. 1C>). In both 
figures 15 and 1(1 this region has been indicated by 
shading, and the contours in figure 15 liave been 
terminated at their points of intersection with the 
nortliern and southern boundaries of this region. 
Til is was done because there is a question as to 
whether or not the two Avell-defined thermoclines, 
one south of the Equator and one to the north, are 
the result of the same physical processes. 

(^ertain inferences to the circulation features 
may be drawn from the spacing and configuration 
of the contours in figure 15. The northern bound- 
aiy of the Countercurrent was coincident with 
the ridge near 10° N. (<100 ft.) and the southern 
boundary was centered along the trough in the 
tlierinocline depth near 5° N. latitude. In the 
southeastern portion of the area, a second ridge is 
evident at about 4° S. latitude. This reflects the 
distribution of mass associated with easterly flow 


there (see the results of the geostrophic calcula¬ 
tions in fig. 3). 

Surface Salinity 

The lowest surface salinity values (fig. 17) were 
measured along the noifhern boundary of the 
C^ountercurrent, with the minimal value (33.6 
Voo) being near 10° N., 128° W. This distribution 
reflects the extension of low salinity water west¬ 
ward from the coast of Central America and is also 
coincident with the zonal band of high rainfall 
located near 10° N. (Schott 1935, plate XIX). 

As the Smith proceeded south across the Coun¬ 
tercurrent and into the South Equatorial Current, 
surface salinity generally increased, reaching the 
maximum observed values at the southern extremi¬ 
ties of the SmithSs tracks. Somewhat farther 
south (near 20° S. latitude) was the southeastern 
Pacific salinity maximum, with surface values of 
36.00 ®/oo or greater (Sverdrup et ah, 1942, chart 

VI). 

Xear the front, the configuration of the isoha- 
lines showed an abrupt discontinuity in salinity, 
with higher salinity water, reaching 34.9 ®/oo, on 
the northern side of the front and surface waters 
with lower salinity, 34.2 to 34.4 ®/oo, to the south 



Fi(;ri{K IT).— Depth of the thernioeliiie as detenniiied from the KT data. 

above.) 


(E^or explanation of shaded section, see text 
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ETgi rk K).—Tempeiaitiire-depth traces for selected BT 
records between A-B and C-D, figure lo. Arrows denote 
the therino(‘line depth as plotted in figure 15; the BT 
nund)er is noted at bottom of each trace. 


of the frontal line. Knauss (1957, table 1) re¬ 
ported a somewhat dissimilar situation, with 
liigher salinities in the cooler surface waters to the 
south of the front (34.49 to 34.54) and a lower 
salinity to the north (34.46). 

Phosphate 

The concentration of inorganic phosphate 
(POj-P) in the surface waters was determined at 




are shown in figure 18. 

In the surface waters of tlie Countercurrent, the 
supply of this nutrient was relatively low. These 
are ‘‘old'' waters in the classification of Steemann 
Nielsen (1954)—they have been at the surface for 
a considerable period of time as they have moved 
from the west in a current in which stabilization 
is markedly developed and vertical mixing is lim¬ 
ited. East of 140° W., the surface values are be¬ 
low 0.5 fxg. at./L., a level regarded by Ketchum 
(1939) as limiting photosynthesis. These rela¬ 
tively low values (0.3 to 0.4 fig. at./L.) in the 
surface waters represent the balance in the mixed 
layer among utilization by the ])hytoplankton, bio¬ 
logical regenerative processes, and vertical dif¬ 
fusion. 


In the South Equatorial (\irrent, the phosphate 
concentrations generally peak at or near the Equa¬ 
tor with values of 1.0 fig. at./L. or more. The con¬ 
centrations decrease I’apidly to the north and 
south, and more gradually east to west. Along 
110° W. the highest concentration of phosphate 
was south of the Equator, peaking at about 4° S. 
This results from the proximity of the thermo- 
cline to the surface and wind mixing discussed 
in the section on surface temperature. The con- 



F'laiiKK 17.—Surface .salinity (°/oo) distribiitioii. 


The arrows (bmotf' cunaMit dircR-tion as dotorniined from geostrophic 
ealenlations. 
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Figure 18.—Distribution of inorganic phosphate (^ug. at./L.) in surface waters. Surface samples were taken at the 
position of the oceanographic stations and at the time of the BT lowerings. The positions at which the samples 
were taken are indicated. The arrows denote current direction as determined from geostrophic calculations. 


centrutions of 1.0 to 2.0 /xg. at./L. near 137° W. 
and 3° N. are difficult to explain. LTnfortunately, 
there are no siilisnrface phosphates available for 
analysis of vertical transport, and no indications 
of such in the temperature fields. There are no 
apparent indications of analytical error. More 
than one sample is involved and the high values 
are consistent among these samples. One expla¬ 
nation is that these Avaters reached the surface 
near the Equator and moved to the position where 
sampled from the A similar situation was 

described by Sette et al. (1954) near 3° N. and 
1()5° AV. Tlie high value near the Marquesas, 7° 
S., 142° may have resulted from some as yet 
undetermined circulation feature(s) associated 
with the islands. Similar concentrations in this 
area wei’e observed during the recent participa¬ 
tion of the in Equapac (Austin 1957). 

DISCUSSION OF RESULTS 

Eastropic was a combined physical and biologi¬ 
cal study of the eastern central equatorial Pacific. 
The 1 ‘esults of POE Ps oceanographic observations 
have been described in the preceding sections of 
this report. The results of the biological sam¬ 
pling program Avill be considered in relation to 


these environmental features. Before this can be 
done Ave must consider the question, “Hoav typical 
Avere the environmental factors '^” It appears that 
the oceanographic conditions Avere someAAdiat 
atypical. 

The surface temperatures along the Equator 
(fig. 14) AATre 2°-4° F. cooler than normal; those 
in the Countercurrent shoAved little variation 
from normal. Waters Avere also cooler than normal 
at four stations in the eastern Pacific (fig. 19) one 
each off (hilifornia, Panama, Peru, and Christmas 
Island (Line Islands group). liodeAvald (1956) 
demonstrates that these beloAv-normal surface 
temperatures Avere typical for the entire eastern 
Pacific during 1955, particularly the latter half 
of the year. North to south, he reports anomalies 
in 1955 of —0.9° F. for Alaskan Avaters, —1.7° F. 
for AA^ashington and Oregon, —1.2° F. for Cali¬ 
fornia, and —0.6° F. for Chile and Peru. These 
temperatures and the cooler water observed by the 
Smith in the South Equatorial Current may be 
considered to be “eastern Pacific temperatures,” 
while the normal temperatures in the easterly 
fioAving Countercurrent more or less reflect con¬ 
ditions farther to the west. In the western Pa¬ 
cific near the Philippines, the anomaly in 1955 
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Avas +0.2° F., exceeding +1° F. for August 
through November. 

The comparatively high measured and calcu¬ 
lated s])eeds of surface flow in the South Equa¬ 
torial (dirrent, as Avell as the cooler than normal 
Avaters at the surface in the eastern Pacific, suit- 
gest that the circulation during expedition 
Eastropic Avas more vigorous than normally ob¬ 
served. If such Avas the case, this should be re¬ 
flected in the distribution of mass. 

Montgomery and Palmffii (1940), using data 
from one station near 99°07' AAk and the mean of 
three near 135° E., calculated the mean slope of 
the sea surface (0/400 db. reference level) to be 
4.0 X 10'^^, Avith a dilference in level of 0.7 dynamic 
meter. In figure 20, using data from more recent 
cruises, the longitudinal variations in levTl of the 
sea surface oati* the 400-dh. FatI are shoAvn for the 
span between 100° AAh and 140° E. longitude. 
Data from stations betAveen 00°30' N. and 00°30' S. 
Avere used. The 400-db. leATl Avas chosen in order 
to increase the number of aAuiilable stations. The 
slope from Montgomery and Palmen's I’eport is 
also shoAvn. 

Of ])articular interest to this discussion is the 
slo])e betAveen 100° AY. and 140° AAk For com¬ 
parative purposes, the data from Smith cruise 35 
(August-Octoher 1956) and cruise 38 (January- 



Figuke 19. —Surface teiiiperature anomalies (° F.) for 
four stations in the eastern Pacific for October, NoA^ein- 
ber, and December, 1955. 



Figure 20.—Longitudinal slope, sea surface, 0/400 db. 

level. 


March 1957) have been added. It may be seen 
that the slope during Eastropic Avas steeper than 
that for either of these tAvo cruises or for the 
mean. Comparative ATilues, 120° AA^. to 140° AY., 
are: mean, 4.5X10"^; Smith cruise 38, 5.3X10~®; 
and Eastropic, 13.1X10"®. A iwersal in the cal¬ 
culated slope of the sea surface during Eastropic 
is evident near 120° AY. (fig. 20). This reversal 
results from the deepening of the thermocline east 
of 130°-120° AY. (see fig. 5) and the accompany¬ 
ing increase in depth of the Avarmer, less-saline, 
and thus less-dense Avaters of the mixed laver. 

The same features and conclusions can be in¬ 
ferred from the distribution of the depth of the 
70° F. isotherm along the Equator (fig. 21). This 
isotherm is normally found near the center of the 
depth range of the thermocline (Austin 1954a), 
and thus exhibits the same variations in depth as 
the thermocline. 

In figure 21, prepared from all available BT 
data from POFI files and those furnished by 
Scripps Institution of Oceanography, betAveen 2° 
N. to 2° S., the ATIriations in depth of the 70° F. 



Figure 21.—Depth of 70° F. isotberm, 2° N. to 2° S. 




























































































276 


FISHERY BULLETIN OF FISH AND WILDLIFE SERVICE 


isotherm, 80° W. to the 180th meridian are sliown. 
The hatched “envelope” shows the approximate 
range of variation in depth among these data. 
Part of this variation resnlts from seasonal fluc¬ 
tuations in the depth of tlie thermocline (Austin 
1058), and part from the ridgelike configuration 
of the thermocline between 2° N. and 2° S. lati¬ 
tude. Data obtained prior to Eastropic for the 
months October through December (Eastropic 
cruise period) are shown by the solid dots and 
those during Eastropic by the small circles. Com¬ 
parison of the mean (a curve through the center 
of the hatched band), the October-December data 
(dots), and Eastropic data (circles) demonstrates 
the comparatively steep slope of the thermocline 
during Eastropic. It is concluded that the com¬ 
paratively steep slopes of the sea surface and the 
thermocline are associated with a more than nor¬ 
mally active zonal circulation. 

In the section describing the vertical distribu¬ 
tion of temperature, we mentioned the 2-layer sys¬ 
tem which is typical of the tropics—the essentially 
homogeneous water from the surface down to the 
top of the thermocline, the thermocline (stable 
layer) through which the temperature decreases 
rapidly with increasing depth, and the extensive 
depth range beloAV the thermocline to the ocean 
floor through Avhicli there is but a comparatively 
slight further decrease in temperature. This sit¬ 
uation is typical of waters in the low latitudes 
throughout the seasons. In the middle and high 
latitudes, howeA^er, a deep mixed layer exists at 
the end of Avinter. As the season progresses, the 
depth of the mixed layer decreases to the mid¬ 
summer minimum and the depth of vertical turbu¬ 
lence is thus progressiA^ely restricted. 

The development in the spring of the seasonal 
thermocline is termed “stabilization” by Sverdrup 
(1958, p. 291). He demonstrated that the onset 
of stabilization folloAving the period of deep 
Avinter mixing played an important role in the 
ATrnal increase in biota. In the Ioav latitudes, 
there is no such period of stabilization—the verti¬ 
cal density structure during all months is char¬ 
acterized by a mixed layer beloAV AAdiich the density 
increases rapidly Avith deptli and turbulence is 
sup])ressed. Therefore, AATen considering geo- 
gra])hical and temporal variations in measure¬ 
ments of the biota in tropical oceans, AA^e must 
look for mechanisms that will affect the degree of 


stability or the depth of this stable layer in rela¬ 
tion to the compensation depth. Within the area 
studied from the ^^7iiifh during expedition 
Eastropic, Ave have mentioned several such 
mechanisms, including divergence of the surface 
Avaters and upAvelling at or near the Equator, the 
effects of sheer and associated mixing at the 
boundaries of opposing currents, and the shalloAV- 
ing of the stable layer to a depth that Avill bring it 
Avithin the euphotic zone, e.g., at the northern 
boundary of the Countercurrent. Although there 
may be seasonal Auiriations, these mechanisms are 
all primarily related to horizontal and Awtical 
transport features (as contrasted AAuth the spring 
Avarming and stabilization and the fall cooling and 
OA^erturn in the higher latitudes). 

In higher latitudes, folloAving stabilization, the 
nutrients in the mixed layer are quickly depleted 
by biological utilization and fallout of the organic 
material into or beneath the stable layer. Until 
the fall overturn and associated replenishment 
from beloAv, the nutrient concentration in the 
mixed layer represents, ])rimarily, a balance be- 
tAveen utilization by the phytoplankton and the 
biological regenerative processes Avithin this layer, 
with A^ertical diffusion playing a comparatWely 
minor role. This situation characterizes vast areas 
of the tropical oceans during all months of the 
year. In figure 22, the vertical distribution of 
A^arious properties is sIioaaui to illustrate conditions 
within the mixed, the stable, and the deeper layers 
at a position in the region of convergence north 
of the Equator (3° N.). It is to be noted that, at 
the particular station illustrated, Avithin a very 
limited range of depth (^50 meters), there is an 
abrupt change in the fields plotted. The tempera¬ 
ture decreases nearly 10° C., the thermosteric 
anomaly nearly 800 centiliters per ton (60 percent 
of total change, surface to 800 meters) and, of par¬ 
ticular biological importance, the phosphate sud¬ 
denly increases from 0.6 to 1.4 /xg.at./E. The other 
nonconservative property, oxygen, decreases from 
nearly 4 ml./L. to slightly less than 2.0 ml./L. 
Avithin the same depth increment. 

Nearer the Equator, hoAvever, the vertical dis¬ 
tribution of ])roperties differs someAvhat from that 
shown in fimire 22. In the discussion of the verti- 
cal distribution of oxygen, Ave described a feature 
Avith Avaters of comparatively high oxygen content 
that Avas positioned beneath the Equator. In each 
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PO 4 a O 2 —1.00 - 2.00 - 3.00 - 4.00 - 5.00 

DELTA-T-400 - 300-200-100-0 

SALINITY—34.20-34.40-34.60-34.80-35.00 

TEMP °C-9-13-17-21-25 



(/iS.at./L.) fraiii Hugh M. Smith station 4, ()3°13' N. 
latitude, W. longitude. 

of the four sections shoAvn in figure 11, this feature 
extended tertically from Avithin or immediately 
beloAv the therinocliue to a maximum depth of 
between 800 and 400 meters and was approxi¬ 


mately 200 miles wide. The oxygen content near 
its center Avas 2.8 to 8.0 ml./L. at 140° W., decreas¬ 
ing eastAvard to 2.5 to 2.7 near 100° W. 

Consideration of the possible causes for this 
geographically restricted feature leads to the con¬ 
clusion that it is the result of advection. In the 
first place, the deeper Avaters are essentially iso¬ 
lated from the oxygen-ricli Avaters of the mixed 
layer above the thermocline. Even thounrh isen- 
tropic principles may not apply near the Equator, 
the configuration of the density field shoAvn in 
figure 10 suggests that there is little mixing be- 
tAveen the waters in the surface layer and those 
beneath the thermocline. The oxygen content at 
depths betAA'een 100 and 800—400 meters decreases 
both to the north and to the south of the Equator. 

To emphasize the meridionally limited extent of 
this feature, the distribution of oxygen on a sur¬ 
face of constant density (180 centiliters per ton) is 
shoAvn in figure 28. In a narroAv band along the 
Equator, between 140° W. and 120° W., the oxygen 
values are 8.0 ml./L. or greater. BetAA^een 120° W. 
and 110° W., the values decrease someAvhat, then 
increase again farther to the east. If lateral mix¬ 
ing were significant across the Equator, the feature 
in question Avould be eliminated. 



Figure 23. — Distribution of oxygen (ml./L.) in red on density surface (IcSO cl./ton) in black. Depth of density surface 

in meters. 
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From consideration of the standing crops of the 
biota in the eiiphotic zone near the Equator, oxy¬ 
gen values in the waters beneath the thermocline at 
the Equator should essentially be depleted and 
lower than to the north and south unless there v as 
active replenishment. An inference to the stand¬ 
ing crop of the phytoplankton may be made fiom 
the results of the use of the carbon isotope during 
expedition Eastropic (hg- 24). The highest 
rates of photosynthesis were at or very near the 
Equator where there is enrichment by upwelling 
(fig. 18). It is reasonable to assume that these 
higher rates of carbon fixation were associated 
with the larger standing crops of the phytoplank¬ 
ton. The different rates of photosynthesis among 
various species in, and the ages of, the populations 
(whether vigorously growing or senescent) are 
quantitatively unknown variables. King and 
Hida (1957, figs. 8 and 10) have shown that the 
standing crop of zooplankton reaches a maximum 
between approximately 1.5° K. and 1.5° S. latitude. 

These facts and our present knowledge of the 
pattern of flow near the Equator lead to the con¬ 
clusion that there is advection of waters with 
higher oxygen content from the west by the 
Equatorial Undercurrent. This subsurface, east¬ 
erly directed flow was first reported by Cromwell, 
Montgomery, and Stroup (1954). They observed 
that the Undercurrent was both in the lower part 


of the surface layer and in the upper part of the 
thermocline. Its total depth range, however, was 
not determined. 

More recently, Knauss and King (1958), pre¬ 
senting preliminary results of a detailed survey of 
the Undercurrent made at 440° W. longitude, re¬ 
port that the vertical extent of the Undercurrent 
is between about 30 and 300 meters with the high¬ 
est easterly velocities (2.0 to 3.5 knots) recorded at 
a depth of 100 meters. The Undercurrent was 
symmetrical about the Equator. At 2° K. and 2° 
S. latitude, the average thickness had decreased to 
30 meters and the average maximum velocity to 
0.6 knot. Of particular interest to the discussion 
of the results from expedition Eastropic, Knauss 
and King report that during the period of their 
cruise (March-June 1958), the Undercurrent 
showed no diminution in velocity between 140° W. 
and 92° W. and that the depth of its core rose 
from 100 meters at 140° W. to 42 meters at 98° W. 
Farther to the east, at 95° W. and 92° AT., it once 
again deepened. At 89° W. the Undercurrent 
was missing. 

In the section on vertical distribution of tem¬ 
perature (fig- 6), we discussed the configuration of 
the isotherms, particularly in the thermocline, as 
related to the Undercurrent. Between 2° N. and 
2° S. there Avas a spreading of the isotherms, re- 
sidting in a shalloAV ridge and a deeper trough 



Figukk 24. —Rate of carbon fixation 


(nig.(t/lir./in.'’) by photosynthesis as measured i)y uptake of the isotope carbon 14. 
(Data from King et ah, 1957.) 
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about the Equator. This Avas interpreted as re¬ 
sulting from adA^ection from the Avest of the some- 
A\4iat Avarmer Avaters of the Ihidercurrent. Near 
the Equator, the thermocline shalloAved betAveen 
160° AV. and 120°-T25° AA^. (fig. 5), then deepened 
once again. Considering these data and the re¬ 
sults reported by Knauss and King (1958), it is 
assumed that, during Eastropic, the core of the 
Undercurrent exhibited a Avest-east Auiriation in 
depth similar to that of the thermocline. 

Oxygen and inorganic phosphate are both non¬ 
conservative (biologically affected) properties. 
Their concentrations normally exhibit reciprocal 
variations in the sea. This Avas the case in the 
Avaters beneath the Equator during Eastropic, at 
least along the 110° W. section (hg. 13), the only 
one for Avhich adequate phosphate data are aA^ail- 
able. BetAA^een approximately 2° K. and 2° S., the 
meridional extent of the Undercurrent, the higher 
oxygen Auilues preAhously discussed Avere accom¬ 
panied by loAver inorganic phosphate A^alues, 1.6 
/xg.at./L. or less as compared Avith 2.0 /xg.at./L. or 
greater at comparative depths to the north and 
south. Thus, the distribution of the tAvo noncon- 
serAuitive properties and of temperature beneath 
the thermocline at the Equator is largely governed 
by the easterly floAving Undercurrent, Avhile their 
distribution in the shalloAver portion of the ther¬ 
mocline and the mixed layer is largely related to 
upAvelling. 

There are various references to the oceano¬ 
graphic conditions along the northern boundary 
of the Countercurrent Avhich use the Avords “di- 
A^ergence” or ‘hipAA-elling.” Relative measure¬ 
ments of the standing crops of the marine biota, 
especially zooplankton, have been used to support 
the hypothesis that divergence of the surface 
Avaters along this boundary has resulted in enrich¬ 
ment Avithin the euphotic zone. Sverdrup et ah 
(1942, p. 711), suggest that a transverse circula¬ 
tion is superimposed on the floAvs to the east (the 
Countercurrent) and to the Avest (the Korth and 
South Equatorial Currents). Such a transverse 
circulation Avould require a divergence at the 
northern boundary of the Countercurrent and a 
convergence at the southern boundary. Referring 
to the relative volumes of the plankton samples 
taken aboard the Carnegie as reported by Graham 
(4941), they suggest that the relatively high 


Amlume at Carnegie station 151 (13° X.) Avas asso¬ 
ciated Avith a diA^ergence centered near 10° X. 
(Sverdrup et ah, 1942, fig. 219). This biological 
evidence may be someAvhat speculative as Graham 
(1941, p. 193) states that this sample (station 151) 
Avas ‘‘not quite comparable as it contained a large 
colony of salps." The sample (expressed as dry 
Aveight and not as volume) Avas not used by 
Graham in his analyses of plankton abundance 
along the Carnegie/s transequatorial section (his 
fig. 41). 

Jerlov (1956, p. 150), discussing the results of 
the AJhatross expedition in the central equatorial 
Pacific, assumes from consideration of the relative 
distribution of particles that “there is ascending 
Avater moA^ement along o-t-surfaces aaOiIcIi enriches 
the upper layer Avith nutrients.” His figure 34 
shoAvs a maximum concentration of particles at 
the northern edge of the Countercurrent. Jerlov 
suggests that the distribution of these particles 
“largely represents phytoplankton population and 
plankton remnants, as the supply of terrigenous 
components in this area must be Ioav.” 

Austin (1954a) does not recognize the presence 
of upAvelling at the northern boundary of the 
Equatorial Countercurrent in the central Pacific, 
but does acknoAvledge the fact that the shalloAv 
thermocline in this area (see fig. 15, this report), 
coupled Avith Avind mixing, may result in an in¬ 
crease in the biota. A question of semantics may 
be involved. Austin and Rinkel (in press) liaA^e 
defined upAvelling as a local, Avind-induced diA^er- 
gence of the surface Avaters resulting in a mixing 
of the deeper, cooler, nutrient-rich Avaters Avith 
those at the surface. Witlnn the scope of tliis defi¬ 
nition, there is no evidence of upAvelling along the 
northern boundaiy of the Countercurrent in the 
Eastropic data. Although there Avas a marked 
ridge in the tliermocline, there Avas no eAudent 
cooling of the surface Avaters (see fig. 14). At the 
northern edge of the Countercurrent any upAvel- 
linc’ Avould result in a band of more-saline Avaters 
and AATiters AAuth higher ])hosphate concentrations. 
Salinities Avere comparatively Ioav, increasing to 
either side of the northern edge of the Countercur¬ 
rent (fig. 17). Phosphate concentrations Avere 
loAV, averaging 0.4 /xg. at./E. or less, these to be 
compared to 0.8 to 1.0 /xg. at./E. near the Equatoi 
(fig. 25). 
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Figure 25.—East-west variations in surface inorganic 
phosphate concentrations (gg.at./L.) between 2° N. and 
2° S. latitude and 0° N. and 11° N. latitude. 


An important bioloo-ical consideration is tlie 
fact that alon^ the nortliern boundary of the 
Countercurrent tlie thermocline in tlie eastern Pa¬ 
cific is sufficiently shallow to be within the euphot- 
ic zone. If we assume that in these tropical wa¬ 
ters seasonal variation in li^ht is not a limiting 
factor, Sverdrup’s concept of critical depth is ap¬ 
plicable (Sverdrup 1958). With the thermocline 
penetrating into the euphotic zone (shallower 
than the compensation depth, ca. 100 meters), the 
phytoplankton in the mixed layer is retained 
within the dejith range of active photosynthesis; 
i.e., not carried by vertical mixing to a depth dur¬ 
ing the day where respiration exceeds photosyn¬ 
thesis. To the north and south of the northern 
boundary of the Countercurrent, and west of 
about 150° W., the thermocline deepens and is 
normally deeper than the compensation depth. 

Biological data from this area are ])ertinent. 
King and Hida (1957), discussing the results of 
POFI’s zoo])lankton program in the central equa¬ 
torial Pacific, 1951 to 1954, show that zooplankton 
volumes in the Countercurrent are comparatively 
low, 180th meridian to 150° W. longitude (ca. 25 
cc./lOOO m.'^) but increase to nearly 45 cc./lOOO m.-"^ 
between 140° W. and 120° W., a volume approxi¬ 
mately expial to that of the region of the diver¬ 
gence near the Kipiator. They also demonstrate 
(fig. 11) that, between 8° N. and 11° N., the 
])lankton volumes increase west to east (170° W. 
to 140° W.) as the depth of tlie thermocline de¬ 
creases. Thus, the available empirical data sug¬ 
gest that any relative increase in the standing 
crops of the biota along the northern boundary of 
the (V)untercurrent is more dii*ectly I’elated to the 
jiresence of a sliallow thermocline than to a di¬ 
vergence and u])welling in the surface waters. 


SUMMARY 

A cooperative oceanographic survey of the cen¬ 
tral and eastern tropical Pacific (expedition 
Eastropic) was conducted during the period Sep- 
tember-December 1955, Avith five research vessels 
participating, representing five agencies: Scripps 
Institution of Oceanography, Inter-American 
Tropical Tuna Commission, California Depart¬ 
ment of Fish and (xame, Pacihc Oceanic Fishery 
Investigations (POFI) of the I . S. I ish and 
Wildlife Service, and the Peruvian Navy. 

As POFFs ])ar1 icipation in Eastropic, the 
Ihiglx M. SmJth (cruise 81) completed an 8r)-day, 
141)0()-mile cruise, obtaining information on east- 
west gradients in temperature, salinity, phosphate, 
zooplankton, and forage fish abundance along the 
northern boundary of the Equatorial Counter- 
current and along the Equator betAveen 110® W. 
and 15()° W. longitude. A survey of tuna bait- 
Hsh AAUis conducted in the Manpiesas Islands and, 
in collalioration Avith the UniAursity of IlaAvaii, 
carbon fixation and chlorophyll measurements 
Avere made on the AAUstbound leg of the cruise. 

Sea surfa(‘e temperatures along the Equator 
Avere from 2° to 4° F. cooler than normal; those 
in the Eipiatorial Countercurrent deviated little 
from normal. Temperature anomalies for the 
easteiai Pacific, Alaskan Avaters south to Peru, 
AAwe generally negative ( — 0.6° F. to —2.0° F.) 
for the latter half of 1955. 

Near the Equator, the observed east-Avest slope 
of the thermocline Avas considerably steeper than 
normah shalloAving from near 500 feet beneath 
the surface at 160° W. longitude to at or near 
the surface at 125°W., then deepening someAvhat 
to the eas^:. 

A pronounced oceanic temperature front, across 
which there was a temperature change of apjirox- 
imately 8° F., Avas observed near 4° N., 120° W. 
The same or a similar feature Avas observed (1 
month later) from the Scripps Institution of 
Oceanography vessel, the Horizon^ near 8° N., 

120° W. 

(hdculated current velocities in the Avarmer 
Avaters to the north of the front Avere Avesterly, 1.8 
to 2.8 knots, decreasing to 0.2-knot Avesterly Hoav 
in the (‘ooler AAaiter to the south of the front. In 
the eastern poilion of the area suiweyed from the 
(Eipiator to 4° N., 120° W.), velocities 
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measured from Scripps vessels Avere as high as 
2.0 knots (824° T., measured at 8°08' N. near 
120° W.). 

The calculated east-Avest slope of the sea surface 
(0/400-db. level) was greater than the mean; 0.66 
dvnamic meters at 120° W. (mean = 0.85) sloping 
upAvard to 0.90 dynamic meters near 140° W. 
(mean = 0.92) for a diffierence of 0.24 dynamic 
meter as compared Avith 0.07 for the mean. 

TTpAvelling and Avind mixing, coupled Avith a 
shalloAV thermocline, resulted in considerable en¬ 
richment of the surface Avaters along the Equator. 
Concentrations of inorganic phosphate at the sur¬ 
face Avere between 0.8 and 1.2 /xg. at./L. in the 
region of the shalloAV thermocline (near the 
Equator and 125° W. and near 4° S. and 115° 
W.). Phosphate concentrations in the surface 
Avaters of the Countercurrent and along the north¬ 
ern edge of the Countercurrent Avere uniformly 
loAv, ^0.4 jug. at./E. 

Cooler than normal surface temperatures, com¬ 
paratively steep east-Avest slopes in the sea surface 
and the thermocline, comparatively high calcu¬ 
lated and measured current velocities, and high 
inorganic phosphate concentrations in the surface 
layer, all suggest the horizontal and vertical cir¬ 
culation features, 5° N. to 5° S. along the Equator, 
Avere more dynamic during Eastropic than nor¬ 
mally observed. 
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